Context: Circulating endothelial cells (CECs) and progenitor cells (CEPs) have been intensively studied as a promising tool for treating ischemic diseases and monitoring cancer treatments, but how the menstrual cycle affects the variation in their counts remains unclear.
T he vessel wall controls vascular homeostasis via lining cells and circulating bone marrow-derived progenitor cells. Over the last decade, various experimental studies have demonstrated that circulating bone marrow-derived progenitor cells are capable of differentiating into mature, functional endothelial cells and in-ducing neovascularization at the level of the ischemic tissue, the growing tumor, and the site of wound healing (1, 2) . In particular, a subset of circulating premature cells, designated as circulating endothelial progenitor cells (CEPs), is considered to contribute to endothelial cell regeneration and neovascularization.
CEPs are defined as nonendothelial cells that display clonal expression and stemness characteristics and differentiate into endothelial cells (3) . These cells play multifaceted regulatory roles in the adult vascular system and participate in a number of physiological functions including homeostasis, ischemic tissue vasculogenesis, and tumor angiogenesis (4) . CEPs were discovered in the 1970s in a study designed to detect cells that possess the ability to repair injured denuded vasculature (5) . In 1997, CEPs isolated from peripheral blood were demonstrated to incorporate into foci of neovascularization in the adult, promoting processes such as regenerative neoangiogenesis (1) . Recently, CEPs have been studied as a promising tool for treating ischemic disease and cancer. It has been reported that the introduction of vascular endothelial growth factor (VEGF)-transduced CEPs into the circulation significantly improved blood flow recovery and capillary density in an ischemic mouse model (6) . Transplantation of adult progenitor cells has a beneficial effect on postinfarction remodeling processes in patients with acute myocardial infarction (7) . In animal tumor models, interferon-␤-transduced CEPs attenuated tumor growth (8) . To use CEPs in clinical situations, efficient collection of CEPs from donors would be required. CEPs are mobilized from the bone marrow to the circulation in response to cytokines, growth factors, and hormones. It has been reported that some factors such as VEGF, granulocyte colony-stimulating factor (G-CSF), and erythropoietin (Epo) can induce the differentiation of mobilized stem cells into CEPs and subsequently enhance CEP proliferation, migration, and homing to peripheral tissues (9 -11) . Furthermore, it is known that changes in CEP counts are affected by hormonal status, body weight, and factors associated with lifestyle such as smoking, exercise, weight, caffeine, and alcohol consumption (12) . The ovarian sex steroid hormones estrogen and progesterone are primarily uterotrophic and control the cyclical patterns of uterine cell proliferation and vascular growth that occur throughout the menstrual cycle. Given the synchronized nature of cyclic vascularization, it is assumed that angiogenesis-associated growth factor expression is induced by steroid hormones to regulate blood vessel formation including that of CEPs in reproductive organogenesis (13, 14) . However, whether the cyclical systemic variations of these factors during the menstrual cycle is linked to the variation in CEP counts is unknown.
Circulating endothelial cells (CECs) are considered as mature endothelium and generated by vascular turnover. We reported that CEC counts altered during chemotherapy in breast cancer patients and that their counts were associated with the therapeutic response (15) . CECs and CEPs have also been studied as monitoring marker for treatment response (16) . Thus, it is important to clarify the physiological variation of CECs and CEPs for the clinical application.
The aims of this study were to determine the influence of the menstrual cycle on the CEP and CEC counts and to investigate the association of their counts with circulating sex steroid or angiogenesis-associated factor levels during the normal menstrual cycle.
Subjects and Methods

Study population
This study was approved by the institutional ethical committee, and oral and written informed consent was obtained from all volunteers. Eighteen menstruating women (ages, 23-51 yr; average, 36.3 yr) were recruited for this study. All volunteers were nonsmokers.
Study design
Peripheral blood samples were collected eight times during the menstrual cycle to perform CEP and CEC counts and to measure the concentrations of hormones and angiogenesis-associated factors from each volunteer. The menstrual cycle was divided into the following six phases based primarily on hormone concentrations [estradiol (E2), progesterone, LH], basal body temperature (BBT), and the period of menstruation: 1) menstrual (M) phase-the period of menstruation as declared by the volunteers; 2) follicular (F) phase-the phase between the menstrual phase and the periovulatory phase determined by the criterion described below; the first E2 peak is observed during the follicular phase; 3) periovulatory (O) phase-estimated ovulation based on hormone levels (immediately after LH surge, after the first E2 peak, before elevation of progesterone levels) and BBT (during elevation of BBT). The luteal phase was determined by the phase between the periovulatory phase and the menstrual phase in addition to the progesterone peak, the second E2 peak, high BBT, and the approximate duration of the luteal phase (approximately 14 d Ϯ 2 d).
The luteal phase was divided into the following three phases: 4) early luteal (eL) phase-the first third of the luteal phase; 5) middle luteal (mL) phase-the middle third of the luteal phase; and 6) late luteal (lL) phase-the last third of the luteal phase.
Blood was drawn into 10-ml CellSave tubes (Veridex, LLC, North Raritan, NJ) for CEP and CEC counts, 5-ml vacuum tubes (Terumo Corporation, Tokyo, Japan) for serum measurements, and 3-ml EDTA tubes (Terumo Corporation) for plasma measurements.
Sample preparation
Serum and plasma were obtained from 18 and eight volunteers, respectively. Specimens were centrifuged at 3000 rpm for 15 min at 4 C. All samples were aliquoted after collection and frozen at Ϫ80 C until use. and Tie-2 were determined using ELISA kits according to the manufacturers' instructions. The Epo ELISA kit was purchased from Uscn Life Science Inc. (Wuhan, China), and the other ELISA kits were purchased from R&D Systems (Minneapolis, MN). The coefficient of variation was 4.6 -6.5% for VEGF, 3.4 -3.9% for SDF-1␣, 2.6 -3.8% for sVEGFR1, 2.9 -4.2% for sVEGFR2, 1.1-2.8% for G-CSF, 3.6 -7.0% for PlGF, 2.8 -3.2% for endoglin, and 4.4 -5.0% for Tie-2. The cross-reactivity with human proteins was reported not to be significant for VEGF, SDF-1␣, sVEGFR1, sVEGFR2, G-CSF, Epo, PlGF, endoglin, and Tie-2. The VEGF ELISA was reported to be interfered with by recombinant VEGFR1 and -2 at the concentration of 500 and 4000 pg/ml, respectively. Absorbance was read at 450 nm using a microplate reader (SpectraMax; Molecular Devices, Sunnyvale, CA). Samples were measured in duplicate.
Measurement of hormone concentrations
Serum concentrations of E2, progesterone, FSH, and LH were measured by an electrochemiluminescence immunoassay method in a Modular E170 automatic analyzer (Roche Diagnostics, Mannheim, Germany). The coefficient of variation for each hormone was less than 10%.
Flow cytometry
Mononuclear cells were isolated by density centrifugation using Ficoll-Paque Plus gradients (GE Healthcare Bio-Science, Uppsala, Sweden). The mononuclear cells were rinsed twice with PBS and then incubated with allophycocyanin-labeled monoclonal antihuman CD31 antibody (clone AC 128), fluorescein isothiocyanate-conjugated monoclonal antihuman CD34 antibody (clone AC136), phycoerythrin-conjugated monoclonal antihuman CD133 antibody (clone AC133) (all from Miltenyi Biotec, Bergisch Gladbach, Germany), and peridinin chlorophyll protein-conjugated monoclonal antihuman CD45 antibody (clone 2D1; BD Biosciences, San Jose, CA). Samples were finally resuspended in 400 l of PBS and measured with a FACSCalibur flow cytometer (BD Biosciences). The following populations were considered: CEPs, defined as CD31 ϩ CD34 ϩ CD133 ϩ CD45 dim cells, and CECs, defined as CD31 ϩ CD45 Ϫ cells. Data were expressed as cells per million mononuclear cells (17, 18) .
CellSearch system
The standardized CellSearch technique (Veridex, LLC) has been reported previously (15) . Briefly, CECs expressing CD146 were immunomagnetically enriched and stained with the nuclear dye 4Ј,6-diamidino-2-phenylindole, CD105, and CD45. A fluorescein isothiocyanate-conjugated anti-CD34 antibody (clone AC136; Miltenyi Biotec) was used in the additional channel of the system. Analysis was performed using an image cytometer, for which CECs were defined as CD146 ϩ CD105 ϩ CD45 Ϫ cells.
Basal body temperature and the period of menstruation
Each volunteer measured her BBT every morning throughout the menstrual cycle including the days of blood collection. The period of menstruation was recorded in the body temperature records.
Statistical analysis
Continuous variables are described as mean Ϯ SD. The highest value in each phase was used for the analysis if two or more measurements were performed in one phase. Data were adjusted by dividing each value by the mean value of each factor in each woman excluding hormone concentrations because variation in each factor between individuals was large and this adjustment increased statistical stability, resulting in statistical reliability. Statistical analysis was performed using Wilcoxon's test for comparisons between phases of the menstrual cycle and Pearson's correlation coefficient for the correlations between factors. All analyses were performed using the JMP version 9.0.0 software package (SAS Institute, Inc., Cary, NC). All P values were twosided, and P Ͻ 0.05 was considered statistically significant. For multiple comparisons, the Bonferroni correction was applied, and in the figures, results with statistical significance by the Bonferroni correction are shown in italics and results with P Ͻ 0.05 are shown in a nonitalic font. The permutation under the null correlation was performed to further assess the association of cyclic variation in each factor. A 100,000-permutation test was performed except for the serum concentration of Epo and the plasma concentrations of VEGF and SDF-1␣ due to the small sample number.
Results
Serum hormone levels during the menstrual cycle
Serum hormone levels were measured in 18 women volunteers, of whom two women exhibited a perimenopausal hormonal status, one exhibited an anovulatory hormonal pattern, three did not exhibit a normal hormonal pattern, and one took oral contraceptives. Thus, a total of 11 women were included in the subsequent analyses (ages, 23-45 yr; average, 36.3 yr). BBT in each individual is shown in Supplemental Fig. 1 (published on The Endocrine Society's Journals Online web site at http:// jcem.endojournals.org). Cyclic alterations of circulating pituitary and ovarian hormones were confirmed by the periovulatory peaks for serum E2 and LH concentrations and by the middle luteal increases for serum E2 and progesterone concentrations (Fig. 1 ).
Alterations of CEP and CEC counts during the menstrual cycle determined by flow cytometry
CEP counts were higher in the O and mL phases than in the other phases, indicating that CEP counts dropped in the eL phase after ovulation (O vs. eL, P ϭ 0.003; and eL vs. mL, P ϭ 0.01; Fig. 2A ). Differences in CEP counts between two adjacent phases (⌬CEP) were identified by two peaks in "O-F" and in "mL-eL" (Fig. 2B) .
The CEC counts and the differences of CEC counts between two adjacent phases (⌬CEC) did not exhibit sig-nificant alterations during the menstrual cycle (Fig. 2 , C and D).
Alterations of CEC counts during the menstrual cycle determined by the CellSearch system
Alterations of CEC counts by the CellSearch system were examined. CEC counts were increased in the mL phase (eL vs. mL, P ϭ 0.02; mL vs. lL, P ϭ 0.03; and mL vs. M, P ϭ 0.04; Fig. 2E ). ⌬CEC in "mL-eL" was larger than those between other phases (Fig. 2F ). The alterations of CD34-positive CEC counts as determined by the Cell-Search system were similar to those of the CEC counts by the CellSearch system (data not shown).
Alterations of angiogenesis-associated factor levels during the menstrual cycle
The concentrations of angiogenesis-associated factors during the menstrual cycle are shown in Table 1 . The concentration of VEGF in serum was significantly lower in the lL phase (O vs. lL, P ϭ 0.003; M vs. lL, P ϭ 0.01; and eL vs. lL, P ϭ 0.01; Fig. 3A ). The concentration of VEGF in plasma was lower in the F phase than in the other phases (M vs. F, P ϭ 0.02; F vs. O, P ϭ 0.03; and F vs. lL, P ϭ 0.045; Fig. 3C ). The concentrations of serum G-CSF varied throughout the menstrual cycle. The concentration of G-CSF was higher in the O phase than in the other phases (O vs. M, P ϭ 0.042; Fig. 3E ).
The concentrations of other factors including PlGF, SDF-1␣, sVEGFR1, sVEGFR2, Epo, endoglin, and Tie-2 did not exhibit any significant patterns during the menstrual cycle ( Table 1) .
Correlations between CEP counts and the concentrations of hormones and other angiogenesis-associated factors during the menstrual cycle
There were correlations between CEP counts and E2, LH, and G-CSF concentrations (r ϭ 0.47, P Ͻ 0.0001, in Fig. 4A ; r ϭ 0.46, P Ͻ 0.0001, in Fig. 4C ; r ϭ 0.32, P ϭ 0.01, in Fig. 4E, respectively) . Correlations between ⌬CEP and ⌬E2, ⌬LH, ⌬G-CSF, and ⌬VEGF were also observed (r ϭ 0.58, P Ͻ 0.0001, in Fig. 4B ; r ϭ 0.49, P Ͻ 0.0001, in Fig. 4D ; r ϭ 0.30, P ϭ 0.02, in Fig. 4F ; r ϭ 0.34, P ϭ 0.006, in Fig. 4H, respectively) . There was also a correlation between the concentration of G-CSF and that of E2 (r ϭ 0.31; P ϭ 0.01; data not shown). The permutation test further supported the correlation of CEP counts with E2, LH, and G-CSF concentrations (P Ͻ 0.001, P ϭ 0.025, and P ϭ 0.014, respectively) ( Table 2 ). In addition, CEP counts exhibited correlations with serum VEGF and PlGF levels (P ϭ 0.016 and P ϭ 0.008, respectively) ( Table 2 ).
Discussion
Components of the female reproductive system undergo a number of programmed angiogenic processes that are coupled with the cyclic evolution and decline of the ovaries and endometrium. In the normal ovary, angiogenesis likely plays an important role in folliculogenesis, ovulation, and corpus luteum function. At the time of ovulation, the basement membrane separates the highly vascular theca cell layer from the avascular granulosa cell layer lining the inside of the follicular degenerates, and dynamic capillary growth occurs directed inward from the theca. Consequently, the most intensive angiogenesis can be detected during the periovulatory period. The dynamic growth is completed by the end of the third day after ovulation, and this may explain the O phase peak and the subsequent drop of CEP counts in the eL phase, which may be a reflection of CEP consumption during the ovulatory phase. A previous study determined that vascular space within the human corpus luteum increased from the eL to mL phase, which may explain the mL phase increase of CEPs (19) . Similar to the ovary, the endometrial vascular architecture changes throughout the menstrual cycle in parallel to the changes in the uterine epithelium and stroma. During the late F phase and throughout the luteal phase, a complex subepithelial capillary plexus develops, which may also be associated with the mL phase peak of CEP counts. Because CEPs are derived from the bone marrow but CECs are from existing vasculature, CECs do not seem to show a changing pattern similar to that of CEPs.
Recent studies have provided evidence that the physiological cycle of estrogen regulates CEP kinetics; i.e. differentiation, proliferation, migration, apoptosis, mobilization, and ultimately incorporation into foci of neovascularization in the developing endometrium (20, 21) . It is known that estrogen increases the growth of cultured CEPs isolated from human peripheral blood. In humans, CEP counts are increased by hormone replacement therapy consisting of an E2-based medication and the progesterone-derived drug norethisterone (22) . Consistently, premenopausal women have higher CEP counts than postmenopausal women (22) . E2 also affects the production of key proangiogenic factors such as VEGF (23) and G-CSF (24) , which have been suggested to increase CEP counts. These findings support our result of a significant correlation between CEP counts and serum E2 concentrations. VEGF is a protein with growth-promoting activity in vascular endothelial cells. Several studies suggest that VEGF plays important roles in angiogenesis in the female reproductive tract (25, 26) . It is known that estrogen in-creases VEGF expression in uterine tissues, endothelial cells, and vascular smooth muscle cells (27, 28) . In this study, the levels of VEGF in plasma decreased in the F phase and increased in the O phase; this is similar in pat- tern to that of the variation of E2 levels. Because there are some conflicting results regarding VEGF variations throughout the menstrual cycle (29) , further studies are required to investigate the association of the variation of VEGF levels with the menstrual cycle.
In agreement with our finding, some studies reported that serum G-CSF concentrations were higher in the ovulatory phase than in the other phases (30, 31) , suggesting that G-CSF is associated with ovulation. We also found that G-CSF levels were correlated with E2 levels. A previous study demonstrated that mice injected ip with E2 exhibited increased levels of G-CSF in the bronchoalveolar lavage, suggesting that E2 affects G-CSF levels in vivo (24) . In this study, the alteration of G-CSF levels was similar to that of CEP counts (Fig.  4) . Mice that received recombinant human G-CSF exhibited elevated CEP counts (11, 32) . Patients with chronic ischemic heart disease who receive G-CSF have increased CEP counts (33). G-CSF was reported to activate the VEGF/VEGFR1 pathway and to promote CEP mobilization in vivo (34). These findings raise the possibility that G-CSF increases CEP counts either directly or indirectly.
Recently, the clinical applications of CEPs were investigated. It was reported that autologous progenitor cell transplantation can be used for the treatment of patients with acute myocardial infarction (7) . CEPs also have potential uses in anticancer treatment as a vehicle for the delivery of toxic genes, suicide genes, anticancer drugs, and angiogenesis inhibitors (35). The efficient collection of CEPs would be critical for such clinical applications. Our results suggest that consideration of the menstrual cycle (e.g. collection in the mL phase) would increase the efficiency of CEP collection. In addition, CEPs and CECs have been studied as biomarkers for tumor progression and for monitoring therapeutic effects (15, 16) . The consideration of the physiological variation of CEPs is required for such applications. However, because it is unknown whether the alterations of CEP counts in patients with ischemic disease or cancer are similar to those in healthy people, such studies are warranted for clinical considerations.
There are inconsistent results regarding the variation of CEP levels during the menstrual cycle (36 -40). These differences could be due to differences in determining the phases in the menstrual cycle, the frequency of blood collection, identifying markers for CEPs, standardization of the data, and selection of healthy women with a normal menstrual cycle. Our study employed the most frequent sampling among studies reported, enabling more reliable data in terms of determining the phases of the menstrual cycle. The frequent collection also enabled disclosure of more precise alterations of CEP counts and angiogenesisassociated factors during the menstrual cycle. There is a controversy regarding the surface markers that identify CEPs. The identification of a unique combination of markers specific and selective for primary endothelial progenitor cells would promote studies on the clinical and biological features of CEPs.
One of the biggest limitations of this study is its small sample size. This study recruited 18 healthy volunteers, which is the largest number of volunteers among reported studies, and seven volunteers who did not show a normal hormonal pattern were excluded from the analysis because we believe that strict determination of the menstrual cycle is crucial for the reliable analysis. The large variation in each factor between individuals is another limitation. To increase the statistical stability and the reliability of data, we have adjusted the data by dividing each value by the mean value in each individual. In addition, to avoid false significance, we have used the Bonferroni correction and performed different statistical analyses to corroborate the analytical results. Additional research with a larger sample size is necessary to validate the present study.
In conclusion, we demonstrated that CEP counts peaked in the O and mL phases with a drop in the eL phase, and were closely correlated with serum E2, LH, and G-CSF concentrations. Additional studies are required to further clarify the clinical and biological significance of the fluctuations of CEP counts during the menstrual cycle. 
